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. A SPACE MAINTAINABILITY EXPERIMENT ABOARD THE BEN FRANKLIN
SUBMERSIBLE DURING THE 30-DAY GULF STREAM DRIFT MISSION

John R. Kappler and
Maintainability Engincer
Grumman Aerospace Corporation
Bethpage, New York

Abstract

In the summer of 1969, a deep submersible
drifted for 20 days bhelow the surface of the Gulf
Stream, while operated by a six man ecrew. Although
the main purpose of the mission was oceanographic
research, the crew’s activities and completely self-
contained environment resembled those of a space
station such as Skylab.

Because of these similarities, NASA funded a
Space Maintainability experiment to investigate on-
board vehicle maintenance during the actual cciduct
of a scientific migsion.

I. Introduction

The opportunity to study maintenance of a com-
plex system in a dynamic situation under total iso-
lation for a long mission is quite rare. Lahoratory
tests have provided useful information but have always
been conducted under static conditions with help from
outside the tank or test chamber.

The Gulf Stream Drift Mission was the maiden
voyage of the BEN FRANKLIN and the major scientific
objectives of this mission provided a sense of moti-
vation for the crew which placed maintenance into
proper perspective with relation to operation of the
entire vehicle,

The 30-d2y mission was conceived by Dr.
Jacques Piccard in 1965 as a means for explering the
Gulf Stream from Florida to Nova Scotia using visual
observations, bottom photography, biclogical surveys,
and acoustical surveys. In 1967 the Grumman Cor-
poration agreed to undertake and finance the mission
and establish a program for the design, development,
and construction of the BEN FRANKLIN — a deep sub-
mersible capable of oceanographic research with a crew
of six for missions of 30 days or more without surfac-
ing. The vessel has a self-contained life support sys-
tem as well as propulsion, stabilization, power, com-
munication, and experiment subsystems. It resembles
a space station, such as the Skylab, in size and shape.
See Fig. 1 and 2.

The Naval Qceanographic Office (NAVOCEANO)
provided a surface support vessel and two BEN
FRANKLIN crewmembers to perform ocean experi-
ments. The remainder of the crew of six congisted of
two pilots {including Dr. Piccard), a relief pilot ocean-
ographer, and a NASA crewmember responsible for
the NASA space-oriented studies.

Chester B. May

Submersible Crewmember and Experiment Director
-Life Sciences Engineer

NASA, MSFC, Huntsville, Alabama

Fig. 1 Cutaway View of BEN FRANKLIN

The mission began on 15 July 1969 when the BEN
FRANKLIN submerged into the Gulf Stream off West
Palm Beach, Florida. It terminated 30 days, 11 hours
later when the BEN FRANKLIN surfaced 360 miles
south of Nova Scotia. The drift covered 1444 n mi at
an average depth of 650 ft. Ten excursions were made
to depths between 1200 and 1800 fi.

DISPLACEMENT 130 TONS
OPERATIONAL DEPTH 2000 FT
COLLAPSE DEPTH 4000 FT

MAX SUBMERGED SPEED 4 KT

LIFE SUFPORT 6 MEN FOR B8 WK
PAYLOAD 5 TONS

TOTAL POWER 756 KWH
VIEWPORTS 28

Fig. 2 BEN FRANKLIN Characteristics

IT. Objectives of the Space Maintainability Experiment

The intent of the experiment was to obtaln an
insight into onboard maintenance performed in confined/
isolated environment and to apply this insight into
planning for maintainability in future space vehicle

design and missions. (1,2} The following specific oh~

jectives were established for the experiment:

e
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® Ewvaluate the impaet of Maintainability on
mission success

® Evaluate the effectiveness of current aiveraft
maintainability analysis and prediction tech-
niques on a space-type mission

® Determine the maintenance workload expended
during the mission

® Dctermine the maintenance workload
distribution

¢ Determine the differences, if any, botween
maintenance performed in a stressed vs
an unstressed environment

® Investigate the effects of training, learning,
skills, spares, tools, test cquipment and
onboard technical information on maintenance
performed during the mission

IIL.  Experimenl Approach

The maintainability study was accomplished in

six distinct phases:

£

HI

v

Vi

Developed experiment plan

Analyzed onboard systems and equipment to de-
termine preventive and corrective maintenance
requirements — (maintenance frequencies, po-
tential failures, tasks, etc.)

Defined experiment tasks, completed M predic-
tions, prepared for spares, tools, log books,
procedures, training, etc. and assigned mainten-
ance tasks to various crew

Trained crew and conducted dockside time trials
of maintenance actions to obtain baseline data
for comparison with mission performance

Recorded actual performance during mission via
written reports, log entries, photographs, -
movies, and tape recorders

Debriefed crew, reduced and analyzed data and
wrote final report( i

Experiment Plan - Phase [

fied and inserted into a hlock diagram to assure that the
flow of events and data would meet the mission ealendar

All of the major study task elements were identi-

milestones and provide meaningful results.

Maintainability Analysis - Phase 11

The BEN FRANKLIN is equipped with numerous

complex subsystems (see Table 1) but there were only
three months available for the maintainability analysis,
writing procedures, making check lists, forms, and
estimates prior to start of the mission. Therefore,
only the most promising candidates were selected for
this experiment based on:

¢ Scheduled maintenance requiréments
¢ Unscheduled maintenance requirements

¢ Availability of detailed design information
® Similarity to space type of equipment
® Accessibility to the crew

TABLE 1 SYSTEMS ONBOARD BEN FRANKLIN

MAIN BALLAST TANK SYSTEM'

EXTERMNAL BLOW SYSTEM

SALT WATER SENSORS SYSTEM

VARIABLE BALLAST SYSTEM

SHOT BALLAST SYSTEM

EMERGENCY SHOT BALLAST SYSTEM

HIGH PRESSURE PNEUMATIC SYSTEM

SAS RELEASE SYSTEM

HYDRAULIC PRESSURE SYSTEM
ENVIRONMENTAL CONTROL SYSTEMS

LIFE SUPPORT SYSTEMS

EXTERIOR LIGHTING SYSTEMS

INTERIOR LIGHTING SYSTEMS

OCEANQGRAPHY RESEARCH EQUIPMENT
PILOT'S CONTROLS AND CONSOLE

ELECTRICAL POWER AND DISTRIBUTION SYSTEM
MALIN PRCOPULSION SYSTEM

ATTITUDE CONTROL AND STEERING SYSTEM
CAUTION AND WARNING INSTRUMENTATION
FLIGHT INSTRUMENTATION

RADIO AND INTERCOM SYSTEM

UNDERWATER TELEPHONE §YSTEM

CTFM SONAR SYSTEM

FATHOMETER, PINGER, DEPTH SENSORS — GAUGES AND
RECORDING SYSTEMS .
PERISCOPE AND UNDERWATER TV SYSTEMS
DAMAGE CONTROL AND EMERGENCY SYSTEMS
MICROBIOLOGY RESEARCH EQUIPMENT
PSYCHOLOGY AND PHYSIQLOGY RESEARCH EQUIPMENT

Experiment Task Definit’

Twenty-seven independent maintenance tasks

(33 scheduled and 14 unscheduled) were finally selected
as the core of the experiment.

The scheduled tasks were chosen because they. ..

... were essential 1o safety and cnavntion af tha wneanl-

Hull penetrator inspection

Sea valve inspection and operational check
Hydraulic system inspection

Pneumatic system inspection

Fathometer inspection and service

... involved testing and monitoring for degradation and
failure in the critical power and propulsion systems:

® Battery voltage monitoring and huil
resistance check

® " Ampere-hour system check for power con-
sumption. {The procedure for this task in-
cluded system calibration and repair instruc-
tion, plus an alternate power saving mode of
operation)

® Hull resistance check of main propuision and
rotational motors

. typified a fairly simple routine job:

® NASA tape recorder inspection and service
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++« nvolved one of the more critical aveas for long-

duration space missions, '"bacteria and microbial con-

tamination control’’;

® Bacteria filter element replacement (water
systom)

& Water system potahility test

© Microhial contamination tests for interior air,
surfaces, and personncl

It was anticipated that learning curve effects

would be observed from repetitive ohservations of

routine type scheduled maintenance actions.

The 14 unscheduled maintenance tasks repre-
sented emergeney repairs. Some were designed to
prevent degradation and malfunction of equipment,
while others were necessary to prevent catastrophic
consequences and possible mission abort. These tasks
were:

Fuse troubleshooting and replacement
Underwater telephone repair
Macerator repair

Water pump repair

Gas chromatograph service and repair
Camera service and repair

Foreman experiment service and repair
Egan experiment repair

Crew performance tester repair
Oxygen regulator repair

Battery cell string jumping

Hydraulic and pneumatic valve repair
Odor removal hlower repair

Cold water sterilization

The equipment affected by each selected {con-
trolled) maintenance action was analyzed in detail to
provide all of the scheduled maintenance requirements,
as well as the major failure mades most likely to be
encountered during the 30-day mission. This involved
review of all available equipment and installation draw-
ings, schematics, manuals, and handbooks as well as
contact with vendorg, installation engineers, crew
members, and equipment both on and off the vehicle.

A workbook was developed for use during the
mission. The book included:

® Detailed maintenance procedures

® Speceial charts to show locations of fuse boxes,
terminal parts, test points, ete.

® Check lists for scheduled maintenance

¢ Calculation sheets for tusks such as power
consumption, drive motor lead hull resis-
tance, battery lead hull resistance, etc,

® Data sheets to record glapsed times and
essential performance and maintainability data
for all maintenance actions (schedyled and
unscheduled, controlled and uncontrolled). The
NASA Maintainability Engineer used a step
watch to record elapsed times

® ' Special incremental task element recording
formats for easy comparison of results with
Method I and 1! predictions

A Maintainahility Analysis was performed and an
MTTR was predicted for each maintenance procedure
in the experiment using Methods I and I of MII.-

HDBK~4T2. @) As a result of the analysis, recom-
mendations were made for spares, tools, and test
equipment to support the vehicle during the mission,
However, as in a spacecraft, space on the BEN
FRANKLIN was at a premium and the spare parts,
tools, and technical information taken aboard were
limited to a selected list based on experience and
functional priority or criticality of the affected equip-
ment.

Crew Training and Dockside Time Trials - Phase IV

The entire six-man crew was given the oppor-
tunity to review and comment on the content of the
NASA Maintainability Experiment. In particular the
NASA Engincer, the BEN FRANKLIN Captain, and the
Pilot were given a special briefing and familiarization
with the content and details of the maintenance pro-
cedures, check lists, charts, data sheets, spares, and
tools for the experiment,

Dockside time trials and demonstrations were
performed on the vehicle by crewmembers and other
gualtified personnel to establish bascline data, and to
be certain that all maintenance procedures were fully
understood. All scheduled maintenance tasks were
exercised except for those parts requiring disassembly
of egquipment, Similarly, all of the unscheduled main-
tenance repair tasks had to be checked by simulation
exercises.

Mission and Performance Data Recording - Phase V

This phase covered all of the data taking and re-
cording of maintenance actions accomplished by the
crew during the 3¢-day mission. To help in the mis-
sion data analysis, the crewmembers were identified
with their specialties and assignments as indicated
in Table 2,

TABLE 2 CREWMEMBER ASSICNMENTS

CREWMEMBER FUNCTION
ASSIGNMENT/BACKGROUND PRIMARY/SECONDARY

MISSION LEADER/SCIENTIST
OCEANCGRAPHER/OCEANOGRAPHY
PILOT/NAVAL ENGRG
OCEANDGRAPHER/ELECT, ENGRG
PILOT/NAVAL ENGRG

SCIENTIFIC/OPERATIONS
SCIENTIFIC/NONE
OPERATIONS/SCIENTIFIC
SCIENTIFIC/MAINT ENANCE
OPERATIONS/MAINTENANCE
MAINTENANCE/SCIENTIFIC

L'I'EST ENGINEER/ENGINEERING

Crew Debriefing, Data Reduction and Analysis ~
Phase VI

The crew was debriefed at Grumman, Bethpage,
directly after the mission to ascertain additional
details, rationale, and background information in
connection with various maintenance actions as
recorded in log books and data sheets. Following
this, data reduction and analyvsis of all the feedback
data was accomplished.

r
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Although the NASA Representalive was available
for only about 50% of each day,; most of the mainten-
ance performed on the controlled equipment was timed
and recorded.

The debriefing interviews, detailed log investi-
gations, review of NASA's stop-action films, and
personal meetings with each crewmember resulted in
positive identification of 1355 unreported maintenance
actions and determination of the manpower expended
in these tasks.

All the reported and unreported tasks were com-
piled into a Maintenance Action Summary which lists
the number of times each task was performed, and the
elapsed times required. See Fig. 3 for overall task
breakdown.

ND.
TASKS | NO. ACTIONS | MMH
s CONTROLLED MAINTENANCE

~ SCHEDULED 14 1048 78.2
~ UNSCHEDULED 2 _13 42
SUBTOTAL 17 1061 82.4

o UNCONTROLLED MAINTENANCE
~ SCHEDULED 1 264 1900
~ UNSCHEDULED 26 _30 _493
SUBTOTAL | 37 294 239.2
TOTAL | 54 1385" 3217

*321 ELECTRONIC, 1034 MECHANICAL

Fig. 3 Breakdown of Maintenance Workloaa

IV. Manpower Distribution

Using the Maintenance Action Summary (Table 3) two
useful plots of manpower distribution were deveioped:
Scheduled and unscheduled maintenance performed
during each mission day (Fig. 4), and cumulative daily
mission maintenance workload (Fig. 5). Of the cumula-
tive total, scheduled maintenance took 268.2 man-hours,
and unscheduled maintenance took 53.5 man-hours,

The total maintenance workload averaged 10.7 man-
hours per day.

Schedunled Maintenance

A minimum of 6 man-hours per day was spent on
routine scheduled maintenance. The cyelic nature of
the scheduled maintenance workload added as much as
8 to 9 man-hours every third day. During the first 11
days, this cyclic worklead was very heavy indicating
that the ¢erew may have been very conscientious. They
devoted more time to scheduled maintenance on days 2,
5, and 11 when the BEN FRANKLIN was drifting at
600 feet in the Gulf Stream.

On days 13 through 17, the crew attempted to
distribute the scheduled maintenance work-load more
evenly over this 3~day cycle. From day 18 to the end

of the mission, the fluctuation in scheduled maintenance
was reduced to a point satisfactory to the crew.

Deep dives were also observed to have an effect
on the amount of maintenance performed on any given
mission day. During the early part of the mission,
the daily maintenance workload was reduced on deep
dive days to accommodate the increased operationat
workload. The days immediately preceding and follow-
ing each dive were generally heavy maintenance days.
As their experience with the dive maneuvers increased,
the tendency to reschedule maintenance became less
noticeahle,

From day 16 through 26, the amount of daily
scheduled maintenance activity was at a low level
corresponding to a generally overall lower level of
activity, especially in the oceanography area. The
crew was also able to improve on the scheduled main-
tenance workload by combining tasks and better
organizing their efforts.

Unscheduled Maintenance

Iy general there was a high level of unscheduled
maintenance activity during the first-half of the mis-
sion, as compared with the last-half. During the
first-half, the crew spent about 2 man-hours per day
on unscheduled mainténance. During the drift periods
(when not diving or ascending) very little unscheduled
maintenance was accomplished, except for two major
unscheduled repair actions. These complex repairs
were deferred until there was an opportunity to devote
a long uninterrupted segment of time to perform the
work properly,

These chservations of the maintenance workload
gave an insight into the flexibility and resourcefulness
of the crew. They were able to organize, modify,
and adjust this workload, not only te suit operating
conditions, but also to take advantage of their experi-
ence gained during the mission.

V. Total Maintenance Workload vs
Total Manpower Available

Figure 6 shows some sigaificant maintenance
workload trends. The mainténance workload varied
from 12% to 31% of the total manpower available during
any one day. The total maintenance workload was
17. 3% of the total on-duty manpower available. This
was the equivalent of one man devoted to maintenance
full time.

At the beginning of the mission, the 3-day
average workload value was approximately 20%, and
gradually decreased to 14% at the end of the mission.
This was the result of improved operations by the
crew, decreased requirements for equipment service
and repair, and postponement of the following main-~
tenance repairs to the end of mission:

Not crincal
Not eritical
Not c¢ritical

® Macerator Motor Switch
® Light Experiment
* CO, Gage

e RB-2 Ampere-Hour Counter Not critical
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Fig. 4 Manpower Distribution By Day

There was an obvious stabilization of the main-
tenance workload and, if the mission had continued
beyond 30 days, scheduled maintenance would have
leveled off at approximately 10%, or 6,36 man-hours
per day, based on the trend established during the
last 15 mission days plus the unscheduled maintenance.

MAINTENANCE WORKLOAD = %%%5? =17.3%
1860 HR
2000 TOTAL
1500 |-
MAN-HOURS AVAILABLE
FOR WORK
MAN.
HR 1000}
MAN-HOURS
USED FOR
MAINTENANCE
500F 321.7 HR
A A1 1 1 J
0 5 10 15 20 25 30
) MISSION DAY

Fig. 5 Cumulétive Maintenance Workload

Unscheduled maintenance repairs absorbed 2.87%
of the total available crew duty time. This was reason-

able considering the complexity and type of equipment
aboard.

The failure of the macerator switch would have
become mission critical if it had occurred earlier
than day 29. It caused the loss of the macerator
electric sewage disposal function which was backed up
by a manual pumping system.

The following seven items failed and could not be
repaired because they were external to the vessel and
Eva was not planned for this mission:

Fathometer

Sub-bottom Profiler
Magnetomometer

Ship's Compass

Light Transmissometer
QOcean Current Meter
NAVOCEANQ 70 mm Camera

VI. Crewmember Maintenance Workload Distribution

Figure 7 summarizes the maintenance work per-
formed by each crewmember on g daily basis. Figure

t
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8 indicates each man's work effort as a percentage of
the scheduled, unscheduled, and total maintenance per-
formed during the mission. As computed from Fig. 7
crewmembers 2, 4, and 6 performed 86. 8% of all
mission maintenance. These same three men per-
formed 84.1% of the scheduled maintenance, while

only two of them (4 and 6) performed 969 of all the
unscheduled maintenance.

VII. Maintenance Task Apalysis

This portion of the data analysis deals with the
subjective aspects of maintenance performed during
this GSDM.

When a maintenance task or action is analyzed,
those aspects relating to physical design accessibility,
tool requirements, safety, spares and test cquipment
become quite obvious. There are many things a main-
tenance man brings to the job such as: skill, experi-
ence, training and knowledge of the task, ahility to
use technical information, and resourcefulness or
ability to improvise. All of these factors are, in tura,
affected by the working environment,

The maintenance man's efficiency is influenced
by environmental factors, such as noise, stress,
lighting, tight quarters, temperature, and humidity.
His mental attitude also has an effect, egpecially in
the areas of motivation and boredom. All of these
factors are inhereni in every maintenance action.
Admittedly, some are difficult to measure, but their
influence can affect the amount of time required to per-
form any given maintenance task. In the following dis-
cussion, an atternpt is made to relate these factors to
the performance of maintenance aboard the BEN
FRANKLIN.

Skills

One of the most significant factors affecting the
successful completion of the mission was the cross
section of technical skills in the créw. Various main-
tenance tasks were ranked in order of difficulty vs
the erewmembers who performed ench task. There
was an obvious relationship between technical skill
levels observed and the difficully of the maintenance
tasks performed by the various ecrewmembers., During
scheduled maintenance, the workload was generally
shared by most of the crew. However, when an un-
scheduled maintenrance task appeared, it was almost
always performed by one of two crewmembers, This
fact suggests that these two men were confident enough
in their abilities to assume this burden in order to in-
sure a higher level of mission success. The factors
which instill this level of confidence are heavily in-
fluenced by the attitude of the individual and his geperal
background of experience.

Crewmembers 4 and § performed all of the diffi-
cult tasks and most of the moderately difficult tasks,
crewmembers 3 and 5 performed the remainder of the
unscheduled maintenance.

The highly skilled technician (4) repaired com-
plex electronic equipment despite the lack of technical
information. This was accomplished by detailed tracing
of cireuits which required a thorough understanding of
the general theory and operation of the various types of
equipment involved, When a failure in one circuit
induced a secondary failure in a high priority experiment
circuit, he rewired the eircuits, switched several
functions around, and substituted parts into the original
high-priority circuit so that the equipment was put back

32~
DAILY WORK LOAD, %
3DAY MOVING AVERAGE, %
24}
®
w
= o
-
:
“ 1sf- A\
§ A‘ B Y =,
< -_~ <
2 TREND LINE 7 TV V \
'—
al-
DIVE DAYS
v v v v N v v N 1 v v ¥ 1
5 10 15 20 25 30
MISSION DAY

Fig. 6 Percent of Total Available Working Hours per Day Consumed by Maintenance
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Fig. 7 Crew Member Maintenance Workload Profiles

in uperation. Motivation was an important factor in
accomplishing these tasks; however, skill was the
most important ingredient.

. Learning and Performance

Tasks which resulted in slow learning were
generally those in which there were several inter-
related steps that involved a high degree of organi-
zation, such as setting-up a large number of Agar
plates for the Anderson Air Sampler. In this case,
repeated performance of the task led to the develop-
ment of a method which saved time,

" When a high level of organization was not re-
quired, improvement in the time to perform the task
was not noted, indicating a fast level of learning
prior to the mission.

To get z better insight into the ettects of learning
on repetitive maintenance tasks, the scheduled mainten-
ance data wéié ghalyzed. The percént learning associ-
ated with each task was defined by the following
equation o)

T
Log—~

% Learning =\1 - x 100

Log N
where;

’I‘1 = First value of repair time

N = Number of times repair is performed

T, .= Cumulative average time over the N
repetitions

Tasks in which fast learning was noted were set
in procedure and did not require decision making.
One such task required connecting a megohm tester
hetween a terminal point and ground. The value of the
resistance was then recorded. The 24 electrical ter-
minals were located in four junction boxes. The 6
terminals in each box were reached by removing the
box cover and repeating the procedure for each box.
Once the location of the terminals and boxes were known
and the megohm test became routine, there was little
possibility of improving the maintenance time.
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Tasks which took longer to tearn required a high
level of preficiency and unigue decisions were made
each time they were performed. One of these tasks
consisted of selecting biological samples from the in-
terior surfaces of the vessel and then analyzing them
for a bacterial count. The analysis was unique to each’
sample; therefore, little learning could be accomplished,
except after a great deal of experience,

The replacement of the water system pacterial
filters required cxceptional care to prevent contamina-
tion, and a system for accomplishing the task had to be
developed. This produced a slow-learning eycle.

It is apparent that to effectively use the available
manpower for scheduled matntenance aboard a space-

type vehicle, step-by-step detailed maintenance proce-
dures must be designed for quick and easy perform-
ance, with minimum demands for extensive and com~
plex tasks.

Training

The training aspect of the experiment had a sig-
nificant effect on the performance of maintenance dur-
ing the course of the mission. It was essential to the
mission that the crew be thoroughly familiar with the
general operation of the vehicle's systems., They also
had to be familiar with the specific troubleshooting and
repair procedures, prepared as part of the NASA
Maintainability Experiment. This helped to relieve
much of the anxiety in performing maintenance and
produced crew confidence.

The procedures for scheduled and unscheduled
maintepance gave confidence to the crew since they
knew they did not have to rely on memory for any of
the controlled maintenance tasks.

Because of the limited time available for crew
training, specialization in specific maintenance tasks
was necessary. This expedient limited the flexibility
of individual erewmembers to perform other mainten-
ance tasks.

Onboard Maintenance Provigioning

Providing the proper technical information,
tools, spares, and test capability was an essential
part of the total maintainability task. The ability to
support the onboard maintenance function was amply
demonstrated by the fact that the crew reported satis-~
faction with the spares, tools, and techaical informa-
tion supplied for the controlled maintenance tasks,
The only provisioning weakness encountered during
the mission was in the area of uncontrolled electronic
equipment maintenance which was outside the scope of
this experiment.

Working Conditions

The times recorded for microbial sampling
tasks during the dockside time trials, were less than
the values established during the mission. Consider-
ing the space required to set-up these tasks, the
numerous pieces of equipment that must be handled,
and the interference of these actions with the normal
activity in the vessel, it became apparent that the
Hmited space available imposed a penalty on the per-
formance of these tasks. Work was performed on the
wardroom table which was quite small considering the
handling of many Petri dishes involved in these com-
plex tasks. Since there was no other work area set
aside for performing this work, every piece of equip-
ment kad te be broken down and returned to its storage
area after the sampling was complete. This took
longer than anticipated,

Similar effects were noted in the repair of
electronic equipment, Repairs were made on removed
equipment in various areas, such as the passageway,
the bunks, and the aforementioned table. This did not
lead to efficient repair operations.
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Repetitive Tasks

One type of maintenance prediction in gross
error with actual mission data was the inspection of
the vessel systems. In general, a safely inspection
was performed every 4 hours during the mission.
This inspection included the vesscl, penctrators, sca-
valves, and the hydraulic and pneumatic systems.
Generally speaking, these tasks became tedious since
they were repetitive. ‘

As a result, the different inspections were com-
bined by the crew into one operation and in time be-
came quite superficial in nature. This trend could he
accounted for in two ways. Tirst, as the performance
of a system proved to be dependable, less attention
was directed to it by the crew. Secondly, the im-
portance of accomplishing these safety inspections in
every detai! obviously diminished with the passage of
time.

The consequence of these trends was that the
safety inspections which normally should take half an
hour were condensed to 8 minutes. Better organiza-
tion or integration of these similar inspection tasks
should have been accomplished prior to the mission.
This accouated for some of the time differential. An
important element inherent in the final reduction of
inspection time was the diminishing importance the
crew attached to the task details as the mission pro-
gressed. Therefore, if there were good reasons for
repetitive safety type inspections, then priorities
should have been established and the crew indoctrin-
ated with the importance of these details.

Maintenance Tevels

Figures 8 through 11 illustrate the performance
of maintenance tasks aboard the BEN FRANKLIN which
are directly analogous to maintenance levels that
would be required on a long-duration space migsion.

System level maintenance is shown in Fig. 8
{black box removal) and Fig. 9 (online system adjust-
ment and system fault isolation by manual probing to
determine the faulty module).

Bench level maintenance is illustrated in Fig. 10,
which shows a faulty printed circuit board being re-
moved and the failed parts (transistors) about to be
replaced.

Visual inspection is shown in Fig. 11.

Prediction Technique Evaluation

The first consideration in the numerical analysis
was to identify the correlation between each estimating
technique and the actual data. As a result of the
correlation, it was then possible to evaluate each
technique with respect to qualitative and quantitative
accuracy. ’

Dockside time trials were compared with the
actual mission data to determine the performance of
maintenance in a controlled unstressed environment as
compared with that encountered during the GSDM.

To aid in the siatistical analysis of the mission
data, muitiple lincar regression equations were de-
veloped for each of four scts of data:

g v e ey - AT LT o, TTTHRTR gt pauite- 4

e s

W G B R I b SR S wm@ G55 / i

DU T et oot B e i

it S SR et i

N
R

L

Fig. 9 System Level Adjustment and Fault Isolation
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Fig. 10 Bench Level Maintenance
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Fig. 11 Typical Scheduled Maintenance Tasks,
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Inspection of Head and Power Distribution System

Method I Prediction Analysis. The results of
the multiple regression analysis for the correlation
between Method II estimates and actual mission data
are shown in Fig, 12,

The reduction of Method Il predictions shows
that estimates were generally conservative for any
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Fig, 12 Actual vs Method I Task Time Analysis

estimate up to 35 minutes. The slope of the regres-
sion line is almost in line with the line of perfect pre-
diction, indicating that little if any correction factor

is required to adjust time estimate to real valucs.
There is a bias in our predictions of about 8 minutes
which if added to the predicted values would result in
realistic estimates of actual times to perform required
tasks.

The next consideration was to evaluate the qual-
ity of the regression line in Fig. 12. The standard
deviation was 9. 68 minutes, indicating a pocr fit, but
this error is relative to the population size and would
have been smaller with a much farger number of data
points. The next parameter was the correlation co-
efficient r which cannot be greater than +1 or be less
than -1, A value of +1 denotes perfect functional re-
Iationship between y and x. An increasing x associ-
ated with an increasing v, where v = -1, would again
be a perfect functional relationship, but with x in-
versely associated with y. When r = 0, there is no
relationship hetween x and y.

The Method 11 correlation coefiicient T resulted
in a value of .85, indicating a high degree of direct
correlation between the predicted values and the actual
values.

Another measure of quality in regression analy-~
sis is the value of the coefficient of determination
(r2)- This parameter expresses the percent of confi-
dence in the data, with (1 - r”) as the percent that can
be explained due to accidental randomness in the data
points, The value for (r2) was 72.45% which also
indicated that our Method II relationships with actual
mission data were not random in nature., The result-
ing overall assessment of the Mcthod [T technique
indicated 2 generally reliable means of predicting
overall maintenance task time with some inaccuracies,
particularly on items that required short repair times.

Method IIT Predietion Analysis. The previously
deseribed procedure was repeated for the analysis of
Method I data; the results of this analysis are shown
in Fig. 13.
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Fig. 13 Evaluation of Predictions vs Actuals

The regression line equation showed the exist-
ence of a very poor eorrelation between the predicted
value of Method I and the actual data. The mean
standard deviation was twice the standard deviation of
Method II, and the degree of correlation was corres-
pondingly very low. Clearly, Method II provided a
much better tool for predicting maintenance task
times.

Dockside Time Trials. This analysis was de-
veloped to define the relationship between the dockside
time trials and the actual data. The result of the
correlation analysis is shown in Fig. 13, The corre-
lation eoefficient for dockside time trial was not quite
as good as Method I {r = 0.85 as compared toe r =
0. 94) but the standard deviation value (0) for dockside
trial was much smaller than Method IT predictions.
This indicated that the actuzl task times were rela-
tively close to the dockside time trials.

Generally speaking, for all tasks requiring less
than 25 minutes, there seemed to he a learning effect
which demonstrated itself in shorter actual task times.

In the case of those tasks which required main-
tenance times greater than 25 minutes, there were
complications which were introduced during the course
of the mission. These complieations tended to in-
crease the amount of time required to perform these
tasks under mission conditions. Those tasks requiring
more than half an heur were generally complex {most
of them were scheduled mainténance procedures).

It can also be concluded that some aspects of the
crew confinement added complications to the per~
formance of these tasks. Some of these factors were:
stress, lack of complete proficiency in performing
certain difficult tasks, lack of adequate spare parts and
equipment, and, finally, a desire not to create a dis-
turbance while the vest of the crew was sleeping. This
experiment was not geared to detect these sensitive
causal factors. '

There was no clear cut indication that the stress-
es had any discernible effect on the performance of
various maintenance actions, This docs not mean that

>
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there was no delta for siressed vs unstressed environ-
ment, but rather that there were no scrious or critical
equipment failures that required maintenance under
severe adverse conctitions. An extension of the mis-
sion may have brought such conditions into focus.

Metliod I Prediction Comparisons. The Method
II predictions were found to be best in predieting the
actual maintenance task times. To determine whether
the results of this mission were truly representative
of Method II prediction techniques, a control was es-
tablished. This control consisted of a correlation
analysis of carly maintenance data for a modern air-
eraft program and Method (I predictions for the same
aircraft program. A comparison of the correlation
analysis of the BEN FRANKLIN Method II predictions
and the correlation analysis of this aircraft program
predictions was made {sce Fig. 13). The result of
this comparison revealed that the slopes of the two
regression equations were almost identical, i.e.,
very clese agreement between the two programs.

The y intercepts of each curve highlight the )
differences between the two programs. In the case of
the aircraft program, the regression cquation y inter-
cept indicated that the predictions generally under-
estimated the maintenance task times. 'This might be
expected from early feedback data where technicians
are cautiously performing maintenance actions on
new equipment,

VIO. Conclusion

The NASA Maintainability Experiment had a
rather significant effect on the outcome of the mission.
By implementing the various phases of the experiment
prior to launch, a number of maintenance problem
areas were uncovered and appropriate solutions im-
plemented. The experiment also redirected the
project's thinking concerning spares, tools, training,
and the nced for onboard technical information. The
program did have certain limitations which hampered
the execution of the experiment. The experiment was
conducted on a non-interference basis with the hasic
mission goals, The experiment was further re-
stricted due to the limited amount of time available
before the mission; however, all of the experiment
objectives were either achieved or answered in part
by the data returned from the mission.

The value of a dynamic test bed as an effective
and early evaluator of spaceeraft maintainability
concepts has been verified by the results obtained
from this experiment,

12

The amount of maintenance performed accounted

for 17. 3% of the total manpower available during the
mission. This means that for this vessel and its com-
plexity, approximately 1/6 of the crew’s available time
must be planned for maintenance activity. Of this
maintenance workload, 74% was devoted (o scheduled
maintenance. Admittedly, spacecraft should not
require as high a level of inspection and scrvice work,
however, the remaining 26% of the maintenance man-
power was devoted to the critieal unscheduled main-
tenance tasks upon which mission success depends.
The skills and experience necessary to repair com-
plex equipment must be present in the makeup of in-
dividuals selected for such a mission. It was appar-
ent that training can aid in reducing the problem, but
cannot altogether eliminate the need for maintenance
skills and experience,

In making an accurate assessment of the antici-
pated maiatenance workload during a space missien,
prediction technigues such as MIL-HBK-472 Method
II provide a suitable means by which these assess-
ments can be made. The results of this mission in-
dicate that onboard maintenance can be predicted with
reasonable accuracy, but that further refinement
through additional testing would permit more accurate
assessment of individual tasks.

In summary, the significant conclusions result-
ing from the maintainability experiment were:

¢ Method II Maintainability Prediction Tech-
nique was the best approach for determining
mission maintenance requirements

& A dynamic test bed provided valuzble main-
tenance workload and performance data that
can be used to define ¢crew requirements for
future missions in sealed isolated vehicles

8 Maintainability support was essential to
mission success

¢ There was no discernible difference in main-
tenance times performed under the range of
mission stress conditions, compared to
premission valucs

® The crew was resourceful in distributing the
maintenance workload to suit varying mission
conditions

® A maintenance corner or workshop area with
a bench would have improved the efficiency
and performance of certain offline equipment
repairs and complex scheduled maintenance
testing operations

® Measurement and contro] of bacteria was the
most tedious and difficult job
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TABLE 3 MAINTENANCE ACTION SUMMARY
L]
oy
2o 2o
2|5 o)
—— -1 W
215 |TAsK 2| & TAsK
ol 5|TE, St &1 TimE,
DATE | MAINTENANCE TASK ! Z]3|MIN REMARKS DATE| MAINTENANCE TASK |Z| &1 miN REMARKS
VARIOUS|{S SATTERY VOLT 7/27 U EGAN EXPERI)- NOT MISSION
& RESIST TEST 6! x|15.9 MENT 1 CRITICAL
VARIOUS!S PENETRATOR INSP [ 2407 X| ]
) . 7/30 | U STERILIZATION
VARIOUSIS SEA VALVEINSP, |240} X[ « )] ACCOMPLISHED OF SURFACES X
IN § MIN TOTAL
VARIOUS|S HYD. SYS. INSP. 240l x|« {]TIME _
714 U FATHOMETER EXTERNAL
VARIOUS|S PNEU. SYS. INSP. 2401 X1« FAILURE 1 SENSDRS
M
VARIOUS|S f@fo ETER &l x| s 7114 | U SUBBOTTOM
PROFILER EXTERNAL
VARIOUS{S POWER COMSUMP- FAILURE 1 SENSOR
TION CHECK 3| x[15 | TERMINATED
AFTER 10 DAYS 7714 | U MAGNETOMETER | t
TAPE RECORD
VARIOUS|S SEREHCINCG ER 30! Xi 1.5 /18 U SHIP COMPASS
FAILURE 1
VARIOUS|S MEGGER CHECK
PROPULSION SYS 5] X%:24.3 714 U LIGHT TRANS-
MISSOMETER EXTERNAL
VAROMS|S WATER $YS BAC- FAILURE 1 SENSOR
TERIAL FILTER . FOWER DISCON
21 X282 W ] .
REPLACEMENT 7/30 | U SLEEP MCNITOR NECTED TO RE-
VARIOUS|S WATER SYS POWER DISRUPT 1 X 8 MOVE POWER
PURITY TEST 91 X566 FAILURE
VARIOUS|S HUMAN FLORA
TEST gl x]111.7 8/2 U SLEEP MONITOR
SENSOR FAILURE | 1! X|210
. VARIQUS|S ANDERSON AIR
SAMPLER 9| x|45.0 7117 | U COMMODE
HANDLE REPAIR 11 x| 8
VARIOUS|S RODAC SURFACE -
TEST 9| x|733 7/15 | U AUX INVERTER
FAN SERVICING 1{ X128
VARIQUSES AIR CONTAMINA.
TION TEST 4| x(35.0 7/20 | U RELOCATION OF REDESIGN OF
FLOOR COUNTER | 1| x| a8 |SCIENTIFICEX
VARIOUS[S GAS CHROMATO- PERIMENT
GRAPH TEST 2| %113
7117 | U CLOGGED SHOWER
VARIOUSIS LiOH PANEL SINK 1{ x| 42
REPLACEMENT 11| x| 18
8/3 U CURRENT METER EXTERNAL
VARIOUS|S SILICA GEL FAILURE 1 - SENSOR
REPLACEMENT 5| x| 30
2117 U NAVOCEANO
VARIOUS{S DATA TAPE RE- 70mm CAMERA 1 -
CORDERSERVICE | 30| X| 5 [DAILY CLEANING
OF TAPE HEADS 8/11 U JAMMED TAPE RE-
VARIQUS|S POSITION DEPTH RE- CORDER BEARING | 1] x| 107
CORDER SERVICE | 30! X! 5 [DAILY CLEANING
7/15 | U HGPENETRATOR
8/3 |5 SHIP DEPTH RE- LEAK 3 X -
CORDER SERVICE 2! X! 5 |DAILY CLEANING
7/15 | U AIRPRESSURE
VARIOUS| U FUSE REPLACE- REGULATOR LEAK | 1| x| -
MENT 10 X| 8
#/20 | U PULSEMETER BAT-
M7 |U MACERATOR . TERY RECHARGE | 2| x] —
MOTOR WIRING 1] %l220
7/15 | U OlL LEAK SHALLOW
8112 |U MACERATOR OCCURRED AT DEPTH GAGE 1] xi -
MOTOR SWITCH 1 5 | END OF MISSION-
NOT MISSION 7715 | U CO GAGE MAL.- NO
CRITICAL FUNCTION 1 - SPARES
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TABLE 3 MAINTENANCE ACTION SUMMARY {Cont)
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